REMARKS 

Claims 1,2, 16, 17, and 39-72 have been examined and stand rejected. Claims 1,2, 16, 
17, 39-41, 43-57, 71, and 72 have been amended. Claims 3-15, 18-38, 42, and 64 have been 
canceled. Claims 73 and 74 have been added. No new matter has been introduced. 
Reconsideration and allowance of Claims 1, 2, 16, 17, 39-41, 43-63, and 65-74 in view of the 
following remarks is respectfully requested. 

The Objection to Claims 1. 2, 16, 17. 39-48, 51-56, 71, and 72 

The Examiner has objected to Claims 1, 2, 16, 17, 39-48, 51-56, 71, and 72 as reciting the 
phrase "for fuel cell," which, in the view of the Examiner, is non-standard English. Claims 1, 2, 
16, 17, 39-41, 43-56, 71, and 72 have been amended to recite "for a fuel cell." Withdrawal of the 
objection is respectfully requested. 

The Rejection of Claims 1. 2, and 39-51 Under 35 U.S.C. § 102(b) 

The Examiner has rejected Claims 1, 2, and 39-51 under 35 U.S.C. § 102(b) as being 
anticipated by Cavalca et al, U.S. Patent Application Publication No. 2001/0033960 
("Cavalca"). It is the position of the Examiner that the Cavalca reference discloses all the 
elements of Claims 1, 2, and 39-51, including an electrode for a fuel cell comprising a porous 
electron-conductive material carrying a catalyst, a proton-conductive substance arranged on 
surfaces of the pores of the porous electron-conductive material, and in which the pores have an 
average diameter of 10 urn or less. Applicants traverse the rejection at least for the reasons set 
forth below. 

A rejection under 35 U.S.C. § 102(b) requires that all the elements of a claim be found in 
a single reference. See, e.g., In re Donahue, 766 F.2d 531, 534 (Fed.Cir. 1985). 

While not acquiescing with the Examiner's position, but in order to facilitate prosecution, 
Claim 1 has been amended and now recites an electrode for a fuel cell comprising a porous 
electron-conductive material, a catalyst, and a proton-conductive substance, wherein the pores of 
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the porous electron-conductive material have an average diameter of 1 nm to 100 nm; the 
catalyst is carried in the pores of the porous electron-conductive material; the proton-conductive 
substance is arranged in the vicinity of the catalyst; and the proton-conductive substance is 
comprised of a proton-conductive substance precursor, a proton-conductive monomer or an 
equivalent thereto, or polymers thereof. 

Support for the amendments to Claim 1 can be found in the specification as originally 
filed, for example, at page 4, first paragraph, which describes that the catalyst is disposed in 
primary pores of the electron-conductive material, and the proton-conductive substance is also 
disposed in the primary pores, and therefore, is "in the vicinity of the catalyst; see also page 22, 
description of Fig. 1(a); and Figure 1. Support for the pore size can be found at page 5, 
paragraph <6>. Claims 2, and 39-51 depend from Claim 1. 

Claim 1, as amended, is directed to an electrode comprising a porous electron-conductive 
material, in which the pores have an average diameter of 1 nm to 100 nm. It is the Examiner's 
position that paragraph [0133] of the Cavalca reference discloses pores that have an average 
diameter of about 1.05 urn to 1.20 urn. Applicants point out that paragraph [0133] of the 
Cavalca reference is describing an ionically conductive membrane, and does not describe an 
electrode . The Cavalca reference describes membrane electrode assembly (MEA) fuel cells as 
"typically made of an ionically conducting polymeric membrane sandwiched between two 
electronically conducting electrodes." See page 1, [0004]. The fuel cell described in the Cavalca 
reference is an MEA type, in which an ionically conductive membrane contacts an electronically 
conductive electrode to form an electrode-membrane interface. See, e.g. page 3, [0020] 
and [0021]. Paragraph [0133] cited by the Examiner is on page 8, under the subheading "THE 
MEMBRANE" [0128]. Paragraph [0132] states that "[m]embranes can be prepared with use of a 
microporous base material." Paragraph [0132] is followed by paragraph [0133], which states 
that "[a]verage pore size for the base material can be, for example, about 0.05 microns to about 
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0.4 microns," and further states that the pore size can be about 1.05 to about 1.20. 
Paragraph [0133] is clearly describing the pore size of the base material used to form the 
ionically conductive membrane. Paragraph [0133] does not describe the pore size of the electron 
conductive material . In fact, there is no description in the Cavalca reference that describes the 
pore size of the electron conductive material. Therefore, the Cavalca reference does not describe 
the pores of the porous electron-conductive material as having an average diameter of 1 nm to 
100 nm, as claimed. Furthermore, the Cavalca reference does not remotely teach or suggest that 
the pores of the porous electron-conductive material have an average diameter of 1 nm to 
100 nm, as claimed. Accordingly, the Cavalca reference does not describe all the elements of 
amended Claim 1, and therefore amended Claim 1 and dependent Claims 2 and 39-51 are not 
anticipated by, and are not obvious over, the Cavalca reference. Withdrawal of the rejection is 
respectfully requested. 

The Rejection of Claims 16. 17. and 52-72 Under 35 U.S.C. § 102(b) 

The Examiner has rejected Claims 16, 17, and 52-72 under 35 U.S.C. § 102(b) as being 
anticipated by Cavalca. It is the position of the Examiner that Cavalca discloses a method for 
producing an electrode for a fuel cell comprising the steps of (a) causing a catalyst to be carried 
on a porous electron-conductive material; (b) forming a proton-conductive substance on a 
surface, including surfaces of pores, of the porous electron-conductive material, or in the vicinity 
thereof; and (c) transforming the porous electron-conductive material into an assembly. 
Applicants traverse the rejection for at least the reasons set forth below. 

Claims 16 and 57-72 

While not acquiescing with the Examiner's position, but in order to facilitate prosecution, 
Claim 16 has been amended and now recites a method for producing an electrode for a fuel cell, 
comprising the steps of (a) causing a catalyst to be carried in the pores of a porous 
electron-conductive material, wherein the pores of the porous electron conductive material have 
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an average diameter of 1 nm to 100 nm; (b) forming a proton-conductive substance in the pores 
of the porous electron-conductive material; and (c) transforming the porous electron-conductive 
material into an assembly, wherein the steps can be changeable in the order thereof, thereby 
forming the proton-conductive substance in the vicinity of the catalyst, which is located on the 
surfaces of the pores of the porous electron-conductive material. Claims 57-72 depend from 
Claim 16. 

Support for the amendments to Claim 16 can be found in the specification as originally 
filed, for example, at page 4, first paragraph, which describes that the catalyst is disposed in 
primary pores of the electron-conductive material, and the proton-conductive substance is also 
disposed in the primary pores, and therefore, is "in the vicinity of the catalyst; see also page 22, 
description of Fig. 1(a); and Figure 1. Support for the pore size can be found at page 5, 
section <6>. 

As discussed supra, with respect to amended Claim 1, the Cavalca reference does not 
describe the pores of the porous electron-conductive material as having an average diameter of 
1 nm to 100 nm, as claimed. Accordingly, the Cavalca reference does not describe all the 
elements of amended Claim 16, and therefore does not anticipate amended Claim 16 or 
dependent Claims 57-72. Withdrawal of the rejection is respectfully requested. 

Claims 17 and 52-56 

While not acquiescing with the Examiner's position, but in order to facilitate prosecution, 
Claims 17 and 52-56 have been amended, as indicated above with respect to Claim 16, with the 
only differences being the order in which the steps are performed, which was set forth in the 
original claims. Claims 17 and 52-56 all recite the element that the pores of the porous 
electron- conductive material have an average diameter of 1 nm to 100 nm. 

As discussed supra with respect to amended Claim 1, the Cavalca reference does not 
describe the pores of the porous electron-conductive material as having an average diameter of 

LAW OFFICES OF 
CHRISTENSEN O'CONNOR JOHNSON KINDNESS""* 
1420 Fifth Avenue 
Suite 2800 
Seattle, Washington 98101 
-14- 206.682.8100 

NAII\24342AM2.DOC 



1 nm to 100 nm, as claimed. Accordingly, the Cavalca reference does not describe all the 
elements of amended Claims 17 and 52-56, and therefore does not anticipate amended Claims 17 
and 52-56. 

The of Rejection of Claims 16. 17. and 52-72 Under 35 U.S.C. § 103(a) 
The Examiner has alternatively rejected Claims 16, 17, and 52-72 under 
35 U.S.C. § 103(a) as being obvious over the Cavalca reference. It is the position of the 
Examiner that the Cavalca reference teaches all the steps of Claims 16, 17, and 52-72, but does 
not explicitly disclose that the steps are changeable. However, it is the view of the Examiner that 
it would have been obvious to one skilled in the art that the steps of the claimed method are 
changeable. Applicants traverse the rejection for at least the reasons, as set forth below, that the 
Cavalca reference does not teach all the elements of the claimed method and the claimed method 
produces improved results. 

Obviousness is determined by analyzing the factual inquiries set forth in Graham v. John 
Deere Co., 383 U.S. 1, 148 USPQ 459 (1966). The inquiry under Graham includes ascertaining 
the differences between the prior art and the claims at issue. 

The Differences Between the Cavalca Reference and Claims 16. 17. and 52-56 
As discussed supra, the Cavalca reference does not teach or remotely suggest that the 
pores of the porous electron-conductive material have an average diameter of 1 nm to 100 nm, as 
claimed. Furthermore, the Cavalca reference does not teach or remotely suggest that the 
proton-conductive substance is formed in the pores of the porous electron-conductive material, 
and therefore, the proton-conductive substance is formed in the vicinity of the catalyst, which is 
located at the surface of the pores of the porous electron-conductive material, as claimed. 

The Cavalca reference teaches a method of preparing an electrode in which a dispersion 
of carbon black-platinum particles in 2-methyl alcohol is prepared, and isopropyl alcohol 
containing Nafion perfluorosulfonic acid is added to the dispersion and mixed with the aid of 
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ultrasonic agitation. The liquid mixture is then painted onto a porous polytetrafluoroethylene 
electrode support film. See page 7, paragraphs [01 16] and [01 17] (Procedure A). As explained 
in Kuroki and Yamaguchi, Journal of The Electrochemical Society, 153(1) A1417-A1423 
(2006), attached as Exhibit A, when using a conventional fabrication process in which 
carbon-catalyst particles are simply mixed with a perfluorosulfonic ionomer, which is the 
process described in Cavalca, the perfluorosulfonic ionomer added to the catalyst layer exists 
only in "secondary" pores, as opposed to micro-sized "primary" pores, due to the large molecular 
size of the perfluorosulfonic ionomer, and only the secondary pores act as reaction sites. See 
page A 1420, second column. As explained in the specification at page 22, last sentence, to 
page 23, top of the page, secondary particles are formed by clustering of primary particles. 
Secondary pores are formed between the secondary particles. See, also, Figure 1(b). 

In contrast to the electrode described in the Cavalca reference, the claimed method 
provides micro-structural three-phase interfaces, i.e., regions at which the "porous 
electron-conductive material," the "catalyst," and the "proton-conductive substance," are 
contacted with each other. See specification at page 4, lines 1-21. Micro-structural three-phase 
interfaces in pores having an average diameter of 1 nm to 100 nm, as claimed, cannot be 
produced by Procedure A described in the Cavalca reference. Accordingly, the Cavalca 
reference does not remotely teach or suggest the method recited in Claim 16, and therefore, the 
Examiner has not established a prima facie case of obviousness. 

The Claimed Method Results in Improved Properties 

Non-obviousness can be shown by providing evidence that the claimed invention yields 
unexpectedly improved properties or properties not present in the prior art. See M.P.E.P. § 2145. 

Applicants have found that the micro-structural three-phase interfaces produced by the 
claimed method provide a higher specific surface area of the porous electron-conductive 
material, resulting in an enhanced effective electrode for a fuel cell. See page 4, lines 16-21. 
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As discussed above, because the Cavalca reference does not remotely teach or suggest all 
the elements of Claims 16, 17, and 52-56, and because the claimed method produces an electrode 
for a fuel cell with improved properties, Claims 16, 17, and 52-56 are not obvious over the 
Cavalca reference. Withdrawal of the rejection is respectfully requested. 

New Claims 73 and 74 

Claims 73 and 74 have been added. 

Claim 73 recites a method for producing an electrode for a fuel cell, comprising the steps 
of (a) causing a catalyst to be carried in the pores of a porous electron-conductive material; 
(b) binding a proton-conductive substance in the pores of the porous electron-conductive 
material; and (c) transforming the porous electron-conductive material into an assembly, wherein 
the steps can be changeable in the order thereof, thereby forming the proton-conductive 
substance in the vicinity of the catalyst, which is located on the surfaces of the pores of the 
porous electron-conductive material. 

Claim 74 recites an electrode for a fuel cell comprising a porous electron-conductive 
material, a catalyst and a proton-conductive substance, wherein the catalyst is carried in the pores 
of the porous electron-conductive material, the proton-conductive substance is comprised of a 
proton-conductive substance precursor, a proton-conductive monomer or an equivalent thereto, 
or polymers thereof, and the proton-conductive substance is bound to the porous 
electron-conductive material in the vicinity of the catalyst. 

Support for Claims 73 and 74 can be found in the specification as originally filed, for 
example, at page 4, first paragraph, which describes that the catalyst is disposed in primary pores 
of the electron-conductive material, and the proton-conductive substance is also disposed in the 
primary pores, and therefore, is "in the vicinity of the catalyst; see also page 22, description of 
Fig. 1(a); and Figure 1 . Support for the element that the proton-conductive substance is bound in 



LAW OFFICES OF 
CHRISTENSEN O'CONNOR JOHNSON KINDNESS-"* 
1420 Fifth Avenue 
Suite 2800 
Seattle, Washington 98101 
206.682.8100 



the pores of the porous electron-conductive material and, therefore, in the vicinity of the catalyst 
can be found at page 6, paragraph <8>. 

Claims 73 and 74 are not anticipated by, and are not obvious over, the Cavalca reference 
for at least the reasons discussed below. 

The Differences Between Claims 73 and 74 and the Cavalca Reference 

As discussed supra, the Cavalca reference does not teach or remotely suggest that the 
proton-conductive substance is formed in the pores of the porous electron-conductive material, 
and therefore, that the proton-conductive substance is formed in the vicinity of the catalyst, 
which is located at the surface of the pores of the porous electron-conductive material, as 
claimed. Furthermore, the Cavalca reference also does not remotely teach or suggest that the 
proton-conductive substance is bound in the pores of the porous electron-conductive material, as 
claimed. 

The Examiner cites paragraph [0141] of the Cavalca reference as describing that one end 
of the proton-conductive substance is bound to the surface of the porous electron-conductive 
material. Paragraph [0141] is under the heading "COMBINING ELECTODE AND 
MEMBRANE; THE INTERFACIAL REGION" [0139]. Paragraph [0141] states the following: 
"Also, ion conductive polymer can be at the surface of the electrode , before the electrode surface 
is contacted with the ion conductive polymer of the membrane. Merger or fusion of the two ion 
conductive polymers can occur" (emphasis added). Therefore, the Cavalca reference does not 
teach that the proton-conductive substance is bound in the pores of the porous 
electron-conductive material, as claimed. Furthermore, the chemical vapor deposition cited by 
the Examiner in paragraph [0158] of the Cavalca reference refers to deposition of a second 
catalytically active metal in the interfacial region. It does not refer to deposition of a 
proton-conductive substance to the porous electron-conductive material in the vicinity of the 
catalyst, as claimed. 

LAW OFFICES OF 
CHRISTENSEN O'CONNOR JOHNSON KINDNESS™* 
1420 Fifth Avenue 
Suite 2800 
Seattle, Washington 98101 
-18- 206.682.8100 

NA11\24342AM2.DOC 



Under the M.P.E.P. § 2141.03, the teachings of the reference must be considered as a 
whole . See, also, e.g., Bausch &Lomb, Inc. v. Barnes-Hind/Hydrocurve, Inc., 230 U.S.P.Q. 416, 
419 (Fed. Cir. 1986) ("[ijt is impermissible within the framework of section 103 to pick and 
choose from any one reference only so much of it as will support a given position, to the 
exclusion of other parts necessary to the full appreciation of what such reference fairly suggests 
to one of ordinary skill in the art.") Applicants respectfully submit that paragraphs [0141] 
and [0158] cited by the Examiner to support his position are taken out of context and do not 
remotely teach or suggest that the proton-conductive substance is bound in the pores of the 
porous electron-conductive material, in the vicinity of the catalyst, as claimed. 

The Claimed Method Results in Improved Properties 

As discussed supra, the micro-structural three-phase interfaces produced by the claimed 
method provide a higher specific surface area of the porous electron-conductive material, 
resulting in an enhanced effective electrode for a fuel cell. Furthermore, binding the 
proton-conductive substance to the porous electron-conductive material prevents the 
proton-conductive substance from leaching out of the electrode when the electrode is contacted 
with water during the operation of the fuel cell. See, e.g., specification at pages 11-12, 
paragraph <43>. If the proton-conductive substance is leached out during operation of the fuel 
cell, then the performance of the fuel cell will be reduced. Therefore, prevention of leaching of 
the proton-conductive substance provides an enhanced effective electrode for a fuel cell. 

Accordingly, for the reasons discussed above, Claims 73 and 74 are not anticipated by 
and are not obvious over the Calvaca reference. 

Conclusion 

Applicants believe that Claims 1, 2, 16, 17, 39-41, 43-63, and 65-74 are in condition for 
allowance. Reconsideration and favorable action is requested. If any issues remain that may be 
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expeditiously addressed in a telephone interview, the Examiner is encouraged to telephone 



applicants' attorney at 206.695.1795. 



MEA:mea 



Respectfully submitted, 

CHRISTENSEN O'CONNOR 
JOHNSON KINDNESS PLLC 

Mary E. Atkinson 
Registration No. 48,767 
Direct Dial No. 206.695.1795 
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EXHIBIT A 



Nanoscale Morphological Control of Anode Electrodes 

by Grafting of Methylsulfonic Acid Groups 

onto Platimim-Ruthenium-Supported Carbon Blacks 



Hidcnori Kurokl and Tnkco Yamaguchi*' 7 

Deiiurtmcni of Chemical System Engineering, The University of Tokyo, Bunkyo l 



Tokyo J13 S656, Japan 



An Increase in catalyst utilization in direct methanol fuel cells (DMI'Cs) is necessary to iniprovo |Krfonnancc and reduce costs. 
Wo |>roposo an electrode fabrication method, based on (lie process of grafting a proton-condttcling agent onto catalyst-supported 
carbons before the conventional electrode fabrication process where catalyst-supported carbons aro simply mixed with the pcr- 
fluorosulfonlc lonomer. In (his study, inclhylsulfonlc acid groups (-CtfjSOjH) as proton-conducting agents have been success- 
fully Introduced 10 the pons of catalyst-supported carbons. We found that (he chemical connections between the grafted methyl- 
sulfonic acid groups and the surface of catalyst-supported carbons were stable up to around 380°C. Furthermore, by morphological 
analysis, wo found that the grafted mclhylsulfonic acid groups were homogeneously introduced into both the primary and the 
secondary pores, and produced no significant structural chango in the secondary pore that could affect tins mass transfer process, 
'flio DMFC performance of die membrane electrode assembly (MBA) made using our grafdng method was superior to that of on 
MIsA made using the conventional method A maximum power density of 87 mW cnr J was obtained by using grafted catalyst- 
supported carbons at an anode electrode in the DMl'C in the low Pt-Ru loading amount of ca. 0.7 mg cm"' (Pt loading amount: 
ca. 0.5 mg cm" 3 ) at 50°C under atmospheric pressure. 

© 2006 The lUcctroclicmical Society. [DOT: 10.1149/1.2202114] All rights reserved. 
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H 2 /Oj polymer electrolyte wcl cells (PEFOs) Imvc received 
inuclt attention on account of their attractive properties as power 
sources for porlabto, uutomobito, and home electricity applications. 
In particular, liquid-fed direct methanol fuel cells (DhfFCs), which 
arc a type of PEKC, are also promising as an alternative power 
source for the next generation of mobile devices and small station- 
ary power applications because of their high energy density, the case 
of fuel storage and delivery, and flic ability to operate at, or near, 
ambient temperatures. However, as H 2 /O r I'EFCS and liquid-fed 
DMFCs require a platinum catalyst as an active materia! for elec- 
trodes, the high cost of that catalyst lias restricted their 
commercialization, 1 

Therefore, several studies have focused on lowering the platinum 
loading in the PP.FC electrodes. 2 " 10 The underlying concept of these 
studies is to enhance catalyst utilization lit the electrode by extend- 
ing the three-phase boundary. The three-phase boundary structure is 
shown in Fig. 1. Note that only calalyst particles that keep contact 
with both electrolyte and reaclaut substance are clectrochemically 
active. Although several efforts have been made to optimize this 
three-phase boundary structure, and various methods for producing 
it have been widely reported,"" a substantial amount of platinum 
in the catalyst layer may still not be fully utilized. 

One reasonable explanation for low platinum utilization was pre- 
sented by Uchida ct al., 17 who studied the mtcrostntciurc of the 
catalyst layer. In Ure general process of catalyst fabrication, 
zed platinum catalysts were dispersed on the surface of 
30-40 nm-sized carbon substrates to increase the platinum catalyst 
surface area. However, these small carbon particle* tend to agglom- 
erate via iiitcnnolccular interaction between their surfaces, thus the 
platinum inside Ihe agglomerated carbon structure cannot be utilized 
in electrochemical reactions. This is Iwcausc the jrerfluoro'iulformte. 
iottoiner (ca. 0.04 u,m), which is generally added to the catalyst 
layer as a proton-conducting agent during the electrode fabrication 
process, cannot penetrate Into tho smaller pores (<ca. 0.04 p.m) of 
the agglomerated carbon structure. 

Here we propose an electrode fabrication method to achieve an 
ideal structure of the reaction field in the catalyst layer. In this 
method, the electrolyte groups aro grafted onto catalyst-supported 
carbons before the conventional electrode fabrication process in 
which the catalyst-supported carbons arc simply mixed with the por- 



fluorosulfoiiic ionomcr. Due to its small molecular size, the graft 
electrolyte groups are able to penetrate into the small pores of the 
agglomerated carbon structure. This ensures that most of the result- 
ing protons at the catalyst surfoce can access the graft electrolyte 
groups, easing the proton conducting process at the three-phase 
boundary structure; using the coiivcnlional meUiod, however, it is 
likely that the perfluorosulfonalc ionomer Is not uniformly distrib- 
uted throughout the catalyst layer and the catalyst particles not in 
contact with the electrolyte groups cannot be utilized for the elec- 
trochemical reactions. 

As reported previously by Mizuhala et al., we performed a 
graft polymerization of electrolyte polymer from the monomer 
(acrylamidc tertiary butyl sulfonic acid: ATBS, Toagosci Co. Ltd.) 
solution onto catalyst-supported carbons and succeeded in introduc- 
ing graft electrolyte polymer into the smaller pores of the agglom- 
erated cariwn structure. Using (his method, we found that the elec- 
trochemically active area in the catalyst was increased sevcralfold al 
the cathode in tho H 2 /0 2 -PEFC and that the performance obtained 
was slightly higher, compared with the case when the conventional 
method was used. We first presumed that higher amounts of graft 
etcclrolyle polymer would increase the number of platinum particles 
effectively used in the electrochemical reaction and superior fuel 
cell performances could be obtained. The experimental results indi- 
cated that the introduction of higher amounts of graft electrolyte 




Ceibon black 



Figure I. Schematic illusuallon of tho three-phase boundary structure. 
Nanomctcr-slzcd platinum-ruthenium (Pt-Uu) catalysts are dispersed on 
each 30-40 nm sized carbon black surface, and llio carbon black particles are 
covered with Nation ionomcrs. Tho three-phase boundary structure ensures 
that catalyst particles keep contact with Nafion ionomcr and carbon black, 
which is a conducting agent for proton and electron, respectively. 
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polymer resulted In the effective utilization of (lie catalyst into (he 
primary pores as reaction sites, however, and it also resulted in 
inferior cell performance in the high current-density range. It has 
been reported 2,19 " 23 that there is a correlation between cell perfor- 
mance in the high current density range and the mass transport 
process in an electrode. If the excess grafted electrolyte |»lymer 
was filled in the pores in the catalyst layer, mass transport problems 
would be caused by retarding access of the rcactant gas to the active 
sites, which can be the reason for the extreme degradation of cell 
performance in high current density range. Therefore, we suggested 
that to obtain a higher cell performance with a low catalyst-loading 
amount, the carbon structure in the catalyst layer was necessary to 
increase the catalyst utilization as reaction sites, especially in the 
primary pores, and furthermore maintain adequate mass transfer. 
Recently, other studies such as the introduction of proton- 
conducting agents in (ho microslntcturo In the catalyst layer have 
also been reported. 24 " 26 However, in the case of these studies, a link 
between morphological analysis and fuel-cell performance was not 
clarified, and the optimal nticrostructure in the catalyst layer with 
both high catalyst utilization at reaction sites and higher cell perfor- 
mance with adequate mass transfer also have not yet been achieved. 

Por the alx>vc-mentianed reasons, to obtain a higher cell perfor- 
mance with a low catalyst-loading, it is necessary that a shorter 
grafted chain as the proton-conducting agent than ATBS polymer be 
introduced inio pores of agglomerated carbons. Therefore, ar '~* ! 



catcd in the following reaction s< 



ie (Scheme 1), grafting of 





<3)~Catalyst layer made by nongralted Pl-Ru/Kcdcnbtack. (b) Catalyst layer 
made by grafted Pt-Ru/Kctjenblack. Nanoniclcr-sizeii 11-Ru catalysis are 
dispersed on each 30-40 nm sized carbon black surface, and the carbon 
black particles are agglomerated. Nafion ionomers are partly covered on iho 
agglomerated structure. 



that mass transport problems would not occur, because the chain 
length of the grafted melitylsulfonic acid groups is far shorter than 
that of ATBS polymer. Thus, the catalyst active area will be in- 
creased at an anode electrode and a higher cell performance in the 
DMFC will be obtained, compared with the conventional method. 
Wo evaluated our concept by investigating the morphology of the 
grafted catalyst-supported carbons and examined the cell perfor- 
mances in DMFCs. Moreover, we also discuss (lie effects of the 
grafted melhylsulfonic acid groups on catalyst-supported carbons. 



Grufting on catalyst-supported carbons.— Af 
above, we attempted the introduction of melhylsulfonic acid groups 
onto the cntalyst-supported carbons by the same method as used for 
phenol 27 - M The reaction scheme (Scheme 2) is as follows. 



CB CB CB OB CB 



melhylsulfonic acid groups (-CH 2 S0 3 H) onto catalyst-supported 
carbons was performed at the anode electrode in a DMFC, based on 
the concept of our new electrode fabrication method. 

The concept is shown In Pig. 2. In this study, this grafting 
method was applied to anode electrodes in a DMFC because the 
main loss in DMFC results from the methanol oxidative reaction at 
an anode electrode duo to the slower reaction rate of the methanol 
oxidation. However, grafting of mcthylsulfonlc acid groups onto 
fuel-cell catalyst-supported carbons has never before been per- 
formed, It has been reported 27 ' 28 that Ihe melhylsulfonic acid group 
was introduced onto phenol by treatment with formaldehyde and 
sodium sulfite (or sodium bisulfite) and it is also generally known 
that (ho reactivity of phenolic hydroxyl groups on catalyst-supported 
carbons is the same as the hydroxyl group on phenol. Therefore, wo 
expected that Ihe method for phenol could bo applied to phenolic 
hydroxyl groups on catalyst-supported carbons. Moreover, it was 
expected that grafted melhylsulfonic acid groups had better stability The grafted mcthyisuironic acid groups on the catalyst-supported 

by being fixed directly onto surfaces of the catalyst-supported car- cartons were confirmed by Fourier transform Infrared (1TIR) spec- 
bons by the grafting method and, by grafting melhylsulfonic acid troscony using a Magna II? 560 (Nicolct) siMclrophotomcter, by 
groups insldo tho pores of the catalyst layer, il was also expected thenuogmvimelry-mass s|)ectromelry (TG-MS) using a TGA 7 (Per- 



We used Ketjenblack-supported 32.S wt % platinum-16.9 wl % 
ruthenium (Tanaka Kikinzoku Kogo, Pt-Ru/Kctjcnbiack) as 
catalyst-supported carbon. Grafting of mcthylsulfonlc acid groups 
onto catalyst-supported carbon was achieved as follows. In a flask, 
3.0 g of catalyst-supported carbon was added to SO ml, of pure wa- 
ter. Subsequently, 0.59 g of a 36-38% formaldehyde aqueous solu- 
tion and 3.44 g of sodium sulfite were added. The mixture was 
heated at ! I0°C with stirring and reltuxiiig solvent. After a 24 h 
reaction time, the resulting catalyst-supported carbon was filtered 
and protonatcd with I N hydrochloric acid aqueous solution. Fi- 
nally, after ion exchanging the grafted catalyst-supported carbon 
was oxtraeted with pure water using a Soxhlet apparatus to fully 
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kill Elmer) and Thcrmostar (Pcrkln Elmer), and by CHNS elemental 
analysis using a PE 2400 II (Pcrkin Elmer). Wafers of KBr contain- 
ing a small amount of sample were used to obtain the transmission 
PTIR spectra in ttio range of 400-1400 cm" 1 . TO-MS analysis was 
carried out on the TGA 7 thcmiohalancc coupled to a Thcrmostar 
mass spectrometer through a transfer line connected to a vacuum 
pump and heated at 200°C. 'Hie TGA 7 was operated from 30°C to 
&X)°C with a heating rate of I0°C min" 1 under n continuous (low of 
N 2 ( 100 inL min"'). Hie primary poro size distribution and the spe- 
cific pore volume of the grafted or nongraftcd catalyst-supported 
carbons were determined by mercury intrusion porosimelry using an 
Auto Pore 9520 (Micromcritics). Tlie secondary pore size distribu- 
tion and the specific poro volume of the anode electrodes made by 
the grafted or nongraftcd catalyst-supported carbons were deter- 
mined as through pores of the anode electrodes by a bubble point 
test using Pcrm-Poromclcr (PMI). These two parameters of the pri- 
mary and secondary pores are important to discuss the three-phase 
boundary structure. 

Fabrication process of membrane-electrode assemblies 
{MEAs). — Tlie electrodes consisted of a backing layer, which 
also acted as a current collector, a gas diffusion layer, and a cata- 
lyst layer. The catalysts used at the anode and cathode electrodes 
were Pl-Ru/Keljenblack (32.5 wt % ptatinum-16.9 wt % ruthenium 
on Kctjenblack, Tanaka Kikinzoku Kogyo) and IVKetjenblack 
(S5.3 wt % platinum on Kctjenblack, Tanaka Kikinzoku Kogyo), 
respectively. 

Kor DMFCs, the loss at an anode is higher than that at a cathode. 
Most of the loss at an anode is duo to the high activation ovcrpo- 
tcnlial of the methanol oxidation reaction. Thus, grafted Pt-Ru/ 
Ketjcnbiack was used to fabricate an anode catalyst layer. Tlie samo 
anode layer made with nongrofuxl Pt-Ru/Ketjenblack was also pre- 
pared for comparison. Kor the cathode, nongraftcd Pt/Kcljcnblack 
was used. 

The anode electrodes were fabricated as follows. A gas diffusion 
layer was formed on non-Tcflonized carbon pa|>cr (EleclroChem, 
Inc.). The inks for the catalyst layers were prepared from the grafted 
or nongraftcd Pt-Ru/Ketjcnblack and Naflon solution (Aldrich, 
5 wt % iti 15-20 % watcrflow aliphatic alcohols) with pure water as 
Hie solvent. Hie mixing ratio of Pt-Ru/Kctjcubl;ick and Naflon was 
fixed at 12:5 by weight in the dry slate. The resulting inks were 
spread over the gas diffusion layer. Subsequently, the cathode elec- 
trodes were fabricated as follows. First, (ho gas diffusion layer was 
formed on Teilonizcd carbon paper. Tho Inks for the catalyst layers 
were prepared from the nongraftcd Pt/Kctjcnblack, tlie Nafion solu- 
tion, and tho PTHE suspension (Aldrich, 60 wt % dispersion in wa- 
ter) with water as the solvent. Tho weight ratio or Pt/Kctjcnblack, 
Nafion, mid ITFE was fixed at 60:25:15 In tho dry stale. Tlie result- 
ing inks were spread over the gas diffusion layer. The Pt loading 
amount in the catalyst layer of the cathode electrodes was fixed at 
ca. l.Omgcnr 2 . 

Tlie MEAs were fabricated as follows. Pretrcalcd Nafion 112 
membrane was adopted as a {x>Iymcr electrolyte membrane and 
sandwiched between tho two sijuarc-shaiicd pieces (5 cm 2 ) from the 
anode and cathodo, prepared using the method above, and hot- 
pressed at I30°C and 2 MPa for 1 mill. 

DMFC experiments. — The MEAs obtained were characterized 
in a 5 cm 2 single cell (EleclroChem, Inc.) at 50°C under atmo- 
spheric pressure. The fuel was Ted to an anode at a flow rate of 
10 ml. min" 1 for 2.5 niol L~' methanol aqueous solution and tlie 
rcactant gas to a cathode at a flow rale of (000 mL min"' for 0 2 
gas. In this study, wc focused on the three-phase boundary structure 
as the clcelrocheniically active area at anode electrodes. Therefore, 
wc performed cell |icrformaiicc tests ill high now rate not including 
the effect such as flooding, especially of cathodo electrodes. Mea- 
surements of cell potential as a function of current density were 
made galvanostaticnlly using an electronic loud (HJ-SM8, Battery 
Charge/Discharge Unit, Hokuto Dcnko Co., Ltd). 
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Figure i. PTIR spectra of sample 1. The line shows the difference In (he 
PTIR spectrum from before ami after grafting mcihylsulfonic acid groups 
onto IVRii/Kctjcnblack. Tho grafting condition is the some a? for sample 1 
shown in Toblo I. 



Results and Discussion 
Preparation of grafted catalyst-supported carbons. — Tlie graft- 
ing of methylsulfonic acid groups was performed under various 
concentrations of rcuctants. The different FTIR spectra from before 
and after grafting of methyisuffonlc acid groups onto Pt-Ru/ 
Kctjenblack are shown in Fig. 3. There are two absorption bands 
near 620 and 1 100 cm -1 , which can be assigned to an SO stretching 
vibration and an S0 2 symmetric stretching vibration, respectively. 
These absorption bands must correspond to grafted melliylsulfonic 
acid groups. 

Figure 4 shows tho results of TG-MS analysis. Peaks for mo- 
lecular mass 48 and 64 were confirmed around 380'C. Molecular 
mass 48 and 64 correspond to SO and S0 2 , tho peaks of SO and SO a 
being derived from the grafted melliylsulfonic acid groups. 

Therefore, grafted nieibylsulfonic acid groups were successfully 
introduced to the pores of Pt-Ru/Kctjenblack using our technique, 
and Hie chemical connection between grafted methylsulfonic acid 
groups and tho surface of catalyst-supported carbons was considered 
to bo stable up to around 380°C. 
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Figure 4. TO-MS analysis of sample 3. The unbroken black line shows die 
intense mass signal or«i/2 48 corresponding to SO. The dashed gray line 
shows Ota intonso mass signal of mil 54 corresponding to SO,. The grafting 
condition is the samo as for sample 3 shown ill Tabic I. 
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'Jhblc 1. Graft niclhvlsulfcratc add groups onto Pt-Ru/KctjciiMack. 

QrafLing condition* Results of evaluation 

HCHOroncV Na 2 S0 3 cone./ Graft melhylsulfonic acid 

g-cat* g-cat 1 " group content' Primary pore volume' 1 Pill 

(mmol/g-cot) (mmol/g-cot) (vol %) (cmVg-cat) 

Pl-Rii/Kcljonblack 0.426 

Sample 1 2.4 9.1 10.7 0.374 

Sample 2 1.4 0.8 9.3 0.386 

Sample 3 24.8 9.1 8.9 0.391 

Sample 4 150.8 75.0 8.4 0.393 

'Grafting conditions were fixed as follows: 3.0 g I'l-Ru/Ketjcnblack having phenolic hydroxyl groups. 24 h and il0°C. 
b The concentration of rcaclants Is expressed per the weight of catalyst-supported carbon black. 
* drafted mcthylsulfonic sold group content in the samples was determined from elemental analysis. 

J Primary pores, are those in the range 0.02-0.04 pm. Pore volume is expressed per weight of Pt-Ru/Kctjcnblock In the sample. 



Table I shows the results of elemental analysis. Because Pt-Ru/ 
Kctjenblack contains no sulfur compounds before grafting of mellt- 
ylsulloinc acid groups, grafted inetliylsulfonic acid group contcnl 
In the sample Is calculated by the difference in tlte weight percent- 
age of sulfur before ami after grafting of mcthylsulfonic acid groups. 
From Table 1, as for Pt-Ru/Kctjcnblack, the volume percentage 
per the primary pore volume was almost constant at a value or 
ca. 10 vol %, even if the concentrations of rcactants were varied, 
because the content of phenolic hydroxy! groups on the catalyst- 
supported carbons was constant. It can be concluded that grafted 
melhylsulfonic acid groups can be introduced onto Pt-Ru/ 
Kctjenblack up to ca. 10 vol %. 

Morphology analysis of the grafted catalyst-supported car- 
bons. — We have reported 1 that a catalyst layer has two distinctive 
pore distributions with a boundary of about 0.04 u.m, the smaller 
pores (primary pores) from 0.02 to 0.04 pun were identified with the 
space between the primary particles insido the agglomerated car- 
bons, and the larger pores (secondary pores) were those between the 
ngglomeratcd carbons. 

Figure 5 shows tho results of the mercury porosimcter analysis 
for primary pore size distribution of the Pl-Rii/Ketjcnblaclc before 




Mean pore diameter [nm] 

Figure S. Primary pore size distribution curves for tho Pt-Ru/Kctjcnblack by 
mercury ]>oros!mctcr analysis. The dashed black line shows tho pore size 
distribution curve for the Pc-Ru/KcljcnMack without grafted mcthylsulfonic 
acid groups. Tho unbroken black and gray lines show the pore sine distribu- 
tion curve for the Pt-Ru/Kctjcnblack after grafting moutylsulfonic acid 
groups. The grafting condition is the samo as for samples 1 and 3 shown in 
Table I. 



and after grafting of mcthylsulfonic acid groups. The log differential 
Intrusion is expressed per weight of Pt-Rti/Ketjenblack in the 
sample. The weight of Ft-Ru/Kcljenblack was determined from el- 
emental analysis. From Fig. 5, there is a distinctive peak in the pore 
size distribution at 0.02-0.04 (ini as the primary pores. It is evident 
that grafted inetliylsulfonic acid groups In the sample decrease tho 
primary pore volume. Furthermore, Table I shows that the Tilling 
ratio of mcthylsulfonic acid groups in the primary pores obtained by 
mercury porosimeter analysis have a similar tendency to lite volume 
percentage per the primary pore volume, which is calculated from 
tho results of elemental analysis. The above results suggest that me- 
lhylsulfonic acid groups were homogeneously introduced into both 
the primary and the secondary pores using otir technique. 

The perfluorosulfonic iononier added to the catalyst layer exists 
only In tho secondary pores, and only the secondary pores act as 
reaction sites when using the conventional fabrication process where 
catalyst-supported carbons are simply mixed with the perfiuorosul- 
fonic lonomer, However, we performed grafting of methylsulfonic 
acid groups onto catalyst-supported carbons before the conventional 
fabrication process to prepare the three-phase boundary structure in 
the catalyst layer, because the small size reactanls seem to be able to 
penetrate into the primary pores, in contrast to the perfluorosulfonic 
lonomer, due to its large molecular size. Therefore, the effective 
utilization of the catalyst as reaction sites in the primary ports was 
expected by using our nanometer-sized control technique. 

Moreover, the negative charge (SOp was added onto the sur- 
faces of carbon particles by grafting of melhylsulfonic acid groups. 
Wo assumed the charge repulsion between carbon surfaces can re- 
duce the tendency of an agglomeration of carbon particles tweausc 
an agglomeration of carbon particles depends on intcrtnolccular In- 
teraction between carbon surfaces. We performed the precipitation 
test using aqueous mixture of grafted or nongrafted Pt-Ru/ 
Kctjenblack, and found the dispersion of grafted Pl-Ru/Kctjcnblack 
was a little higher than that of nongrafted Pt-Ru/Ketjenblack. How- 
over, the inlermolccular interaction force between carbon surfaces 
seems to be stranger than the charge repulsion force by grafted 
mcthylsulfonic acid groups, because the primary pore size was not 
changed after grafting of mcthylsulfonic acid groups. 

Subsequently, Fig. 6 shows the results of the bubble point tests 
for secondary pore size distribution of the anode electrodes made by 
grafted or nongrafted Pt-Ru/Ketjenblack. As indicated in Fig. 6, 
there are several peaks in the pore size distribution at 0.1-1 pm as 
the secondary pores and there was no significant change in second- 
ary pore size distribution of tho anode electrode made by grafted 
catalyst-supported carbons, compared with that of the anode elec- 
trode made by nongrafted catalyst-supported carbons. Therefore, we 
presumed that, as the secondary pores have an effect on the mass 
transfer process, grafted melhylsulfonic acid groups inside the |iores 
of the catalyst I oyer do not cause additional mass transport problems 
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in Ihc fuel cell tcsls in the high current-density range. As structural 
factors of secondary pores need not be considered, wo presumed that 
it is possible to discuss the effects of grafted mcthylsulfonic acid 
groups on catalyst-supported carbons by comparing cell perfor- 
mance of grafted and nongraftcd Pt-Ru/Kctjcnblack. 

Fuel cell performance. — Pigure 7 compares the MEA using the 
anode ctcctrodo made by the conventional method (by nongraftcd 
Pt-Ru/Ketjenbtack) and the MBA using the anode electrode made 
by grafted Pt-Ru/Kctjcnblack (sample 1) In terms of currcnt- 
voltago (Fig. 7a) and current-power (Pig. 7b). The Pt-Ru loading 
amount at both anode electrodes was ca. 1.0 mg cm" 2 (Pt loading 
amount: ca. 0.7 mg cm -2 ). As indicated In Fig. 7, the cell perfor- 
mance of lira MEA made by grafted Pt-Ru/Ketjenblack was superior 
to that of Ihc MBA made by nongraftcd Pt-Ru/Kctjcnblack. Tito 
maximum power densities were 90 and 74 mW cm" 2 for Ihc MEAs 
made by grafted and nongraftcd Pt-Ru/Ketjcnbiack, respectively. 

Subsequently, the Pl-Ru loading amount at both anodo elec- 
trodes was changed to ca. 2.0 mg cm" 2 without changing other 
conditions and the cell performance of the MEAs was also com- 
pared by examining current-voltage (Fig. 8a) and current-power 
(Pig. 8b). The MEAs were made by nongraftcd and grafted Pl-Ru/ 
Kcjjcnblack. From Fig. 8, the higher cell performance was obtained 
by using lite MEA made by the grafted Pt-Ru/Kctjcnblack as well as 
Ihc case when the Pt-Ru loading amount at both anode ctcctrodcs 

Wc made comparisons for the iow, medium and high current- 
density range In Fig. 7a and 8a. lit the medium and high current- 
density range, the ratc-deterinltiing step Is generally Hie proton 
conduction process and Ihc mass transfer process, respectively. 
From Pig. 7a and 8a the increase of the cell performances was 
constant or a little larger in the medium current-density range lhan in 
the low current-density range by using the MEA made by the grafted 
Pt-Ru/Kctfcnblack. Therefore, we found that the anode electrode 
made by grafted Pt-Ru/Ketjenblack could be advantageous for Ihc 
proton conduction process, compared with nongraftcd Pt-Ru/ 
Kctjcnblack. 

Moreover, Fig, 7a and 8a in the high current-density range show 
that the extreme performance degradation of the cells was not ob- 
served by using the MBA made by the grafted Pt-Rti/Ketjenblack. 
Therefore, we found that by introduction of grafted mcthylsulfonic 
acid groups into the pores of the catalyst layer, mass transport prob- 
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Figure 7. (a) Currcnt-vollago and (b) current-power curves of the MHA 
made by nongraftcd Pt-Ru/Kctjcnblack (□) and tlic MEA made by grafted 
Pt-Ru/Kctjcablack (■). The grafting comtlUon is the some as for sample 1 
shown in Tabic 7. Operating conditions: cell tcni])craturc 50°C: atmospheric 
pressure; fuel 2.S tnol lr' methanol solution; anode Pt-Ru loading amount 
cs. l.Omgcnr'. 



lems were not caused at an anode electrode in the DMFC, in accor- 
dance with our concept, because the chain length of the grafted 
mcthylsulfonic acid groups was much shorter than that of ATBS 
polymer. 

Pigure 9 presents the cell performance of Fig. 7a and 8a in the 
low current-density mngo (0-100 mA cm -2 ). The reaction rato of 
methanol oxidation is generally the rale-determining step in the low 
current-density range. Figure 9 shows clearly that the cell perfor- 
mance in the low current-density range using the MEA made by the 
grafted l'l-Ru/Kcljcnblack was Increased by 30-40 mV compared 
with the nongraftcd Pt-Ru/Ketjenblack in both case of the Pt-Ru 
loading amount ca. 1.0 nig cm" 2 and ca. 2.0 mg cm -2 . It was there- 
fore reasonable to conclude that the higher cell performance by the 
grafted Pt-Ru/Kctjcnblack in the low current-density range mainly 
resulted from the Increase or the three-phase boundary reaction area, 
especially in the primary pores. Tito increase In three-phase bound- 
ary as the electrochcmically active area was accompanied by en- 
hancement of the methanol oxidation reaction rate. Furthermore, 
Fig. 9 also shows that the cell performance by using the MEA made 
by the grafted Pl-Ru/Kctjeiiblack, in which the Pt-Ru loading 
amount at the anodo electrode was ca. 1.0 mg cm" 2 was almost 
equal to the cell performance by using the MEA made by the non- 
graftcd Pl-Ru/Kcljcnblnck, in which Ihc Pl-Ru loading amount at 
the anode electrode was ca. 2.0 mg cm" 2 , in the low current-density 
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Figure 8. (a) Crnicm-voltagc and (b) current-power curves of (he MBA 
made by nongraftal Pt-Ru/Kctjenblack (O) and MBA made by grafted 
Pt-Ru/Kctjenblack (•). TI.o grafting condition is Iho same as for sample 1 
shown in Table I. Operating conditions: cell temperature 50-Cj atmosplicrie 
pressure; fuel 2.S mol IT 1 methanol solution; anode Pt-Ru loading amount 
ca.2.0mgtm- J . 



range. Therefore, wo found that to achieve litis significant increase 
of 30-40 mV in Iho low current-density range by increasing of the 
Pt-Ru loading amount at an anode electrode, the Pt-Ru loading 
amount should be doubled. 

In Ihe previous study, Pt utilization of a cathode electrode in 
H 2 /0 2 fuel cell was measured by in situ cyclic voltainmetry (CV). 
However, it is known that hydrogen adsotptioii-desorption wave 
pattern and peak potential on Pt-Ru catalyst were changed, 
compared with on Pt catalyst, for tho effect of Ru particles™ 
Therefore, it is difficult to apply in-situ CV to Pt-Ru catalyst or 
an anode electrode in DMPC. In this study, lite catalyst utilization 
Was evaluated by comparing Ihe fuel-cell performances consisting 
of two different catalyst loading amount ca. 1.0 mg cm" J and 
ca. 2.0 mg crn" 2 in Fig. 9. 

As indicated in Pig. 9, lite catalyst utilization was apparently 
found to be doubled by grafting of mefhylsulfonic acid groups onto 
Pt-Ru/Kcljenblack. We can say that the increase of tho catalyst uti- 
lization was due to the extending of three-phase boundary reaction 
area, especially in the primary pores that the catalyst area could not 
utilize cleclroehemically when using the conventional method. 
However, tho proton conduction process would be the rate- 
dctcnninitig step in the partial area of tho three-phase boundary 
reaction area formed around the grafted metliylsulfoiric acid groups, 
because the proton conduction between grafted melhylsulfonic acid 
groups was assumed to be lower than in Nafion ionomer due to the 
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Figure 9. Current-voltage curves at the low currcm-densily range 
(0-100 mA ear 1 ) of the MB As mode by grafted (■) and nongraftal (d) 
Pi-Ru/Kctjcnblack in lire anode Pt-Ru loading amount ea. 1.0 mg cm -2 and 
by grafted (•) anil nongraftal (O) Pt-Ru/Kctjenblack in the aiodo !'<-Ru 
loading amount ea. 2.0 mg cm" 2 . The grafting condition is the same as for 
sample 1 shown in Tablo I. Operating conditions: cell temperature SO°C; 
atmospheric pressure; fuel 2.5 mol I."' methanol solution. 



low mobility of short grafted chains of melhylsulfonic acid groups. 
It can he concluded that the catalyst area utilized as three-phase 
boundary reaction area would be enhanced more than twice by graft- 
ing of melhylsulfonic acid groups onto Pt-Ru/Kctjcnblack. 

Prom the above results, It was shown thai grafted melhylsulfonic 
acid groups in Ihe pores of catalyst-supported carbons acted as the 
proton-conducting agent and, therefore, in accordance with the- con- 
cept of this study Illustrated in Pig. 2, the three-phase boundary as 
an clcctrochcmically active area was formed around Ihe grafted tne- 
thylsulfonic acid groups, especially in Ihe primary pores, and the 
methanol oxidation reaction rate was enhanced. Moreover, it was 
also concluded lhat mass transport problems were not caused by 
introducing grafted mctliylsulfonic acid groups into ihe pores of the 
catalyst-supported carbons. 

We have obtained an extremely high cell performance by using 
the MEA made by grafted Pt-Ru/Ketjenblack (sample 3) in addition 
to an improvement of the tnacroscale electrode fabrication process. 
Figure 10 shows that the maximum power density or Iho MEA was 
87 mW cnC 1 by using grafted catalyst-supported carbons for Ihe 
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Figure 10. Current-voltage and current-power curves of the MBA mode by 
grafted l't-Ru/KctJoiblack ((A),(A)). The grafting condition Is the same as 
for saruplo 3 shown in Table [. Operating conditions: cell temperature 50'C; 
atmospheric pressure; fuel 2.5 mol methanol solution: anode IV-Ru 
loading omount ca. 0.7 mg cm" 1 . 
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DMFC anode electrode in (ho low Pt-Rn loading amount of 
ca. 0.7 ing cm" 2 (Pt loading amount: cn. 0.5 mg cm" 2 ) al S0°C un- 
der atmospheric pressure. 



A new approach to the development of a catalyst layer for a 
DMFC application lias been proposed. This is achieved by introduc- 
ing grafted ntctliylsulfonic acid groups onto catalyst-supported car- 
bons. Hie following conclusions can be drawn from the above in- 
vestigation. 

1. Grafted melliylsulfonic acid groups have been successfully 
introduced to the pores of catalyst-supported carbons using our tech- 
nique and the chemical connection between the grafted methylsul- 
fonic acid groups and the surface of catalyst-supported carbons was 
considered to be stable up to around SSO^. 

2. Grafted lnethylsulfonic acid groups could be introduced onto 
catalyst-supported carbons up to ca. 10 vol % (the volume percent- 
age per the primary pore volume) using our technique. From mcr- 

'metry, we also confirmed that the grafted inc- 



We also suggested that the electrode fabrication method results in a 
significant reduction of the catalyst loading amount that is simulta- 
neously accompanied by a higher cell performance, compared with 
the conventional method. Moreover, we consider that the grafting of 
lnethylsulfonic acid groups onto catalyst-supported carbons can be 
applied to cathode electrodes in liquid-fed DMFCs and in 
H 2 /0 2 -PEFCS, as well a? anode electrodes in liquid-fed DMFCs. 
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supported carbons In addition to an improvement in the macroscalc 
electrode fabrication process. The maximum power density of the 
MEA was 87 m\Y cm" 2 in the DMFC lest in the low Pt-Rn loading 
amount ofca. 0.7 ing cm -2 (It loading amount: ca. 0.5 mg cm" 2 ) al 
50'C tinder atmospheric pressure. 
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